Light propagation in a fibrous anisotropic scattering medium is quite different from that in an isotropic medium. Both the anisotropic diffuse equation (ADE) and the continuous time random walk (CTRW) theory predict that the equi-intensity profiles of the surface reflectance have an elliptical shape in a fibrous turbid medium. In this study, we simulated the spatially resolved surface reflectance in a fibrous sample using a Monte Carlo model. A parametric equation was used to quantitatively characterize the geometric profiles of the reflectance patterns. The results indicated that the equi-intensity profiles of surface reflectance had elliptical shapes only when evaluated at distances far away from the incident point. The length ratio of the two orthogonal axes of the ellipse was not affected by the sample optical properties when the ratio of reduced scattering coefficients along the two axes is the same. But the relationship between the aforementioned two ratios was different from the predication of ADE theory. Only for fibers of small sizes did the fitted axes ratios approach the values predicted from the ADE theory.
Introduction
Optical methods have been widely used to study biological tissues. In many studies, the tissue sample can be assumed as isotropic, i.e., its optical properties are independent of photon incident directions. However, this is not true in some biological tissues such as muscle [1] , skin [2] , dentin [3] , and white matter [4] , where anisotropic fibrous or tubular structures are abundant. For example, Marquez et al. [1] found that optical properties of the chicken breast differed significantly when measured parallel or perpendicular to the muscle fiber orientation.
In order to describe light propagation in anisotropic tissue, the conventional isotropic diffuse equation can be modified [5, 6] by replacing the scalar diffusion coefficient with a diffusion tensor. This anisotropic diffuse equation (ADE) model predicts that the equi-intensity profiles of the surface reflectance have elliptical shapes [7] in media with a predominant structural orientation (such as aligned fibers). The ellipse is elongated along the direction with a smaller reduced scattering coefficient. The ratio of the two primary axes of the ellipse is inversely proportional to the square root of the corresponding reduced scattering coefficients along the two axes.
In another approach, Dagdug et al. [8] extended the continuous time random walk (CTRW) theory to analyze light propagation in an anisotropic turbid medium by assigning different transition probabilities along different directions. In a fibrous sample, the model used a bias parameter B, defined as the ratio of the transition probability parallel with and perpendicular to the fiber's direction, to characterize the anisotropy. This model also predicts an elliptical pattern of the equi-intensity reflectance in fibrous tissues. The ratio of the two primary axes is proportional to the square root of the corresponding transitional probabilities.
The elliptical equi-intensity reflectance profile predicted from both ADE and CTRW models has been observed in several anisotropic tissue models [9] [10] [11] . Kienle et al. [12] showed that the equi-intensity profiles had different elliptical orientations at different evaluation distances in dentin. Nickell et al. [2] found that the elliptical reflectance profile in skin tissue was caused by the preferential orientation of the collagen fibers.
Kienle [13] studied spatial-and time-resolved diffuse transmission in fibrous anisotropic media and found the results obtained from ADE theory were very different from those obtained with Monte Carlo simulation. Kienle [13] proposed that Monte Carlo models based on light scattering by cylindrical structures [12] were more accurate for studying light propagation in fibrous scattering media. Schäfer and Kienle [14] proved that this approach had a good agreement with Maxwell theory based solutions when the volume cylinder density is small (ρ < 10%). Several studies showed that the Monte Carlo simulation had good agreements with the experimental results obtained in porcine artery [12] , dentin [15] , and wood [16] .
Although discrepancies were noticed when comparing the equi-intensity profiles of the diffuse transmittance obtained by ADE and Monte Carlo simulation [13] , these differences have not been studied in detail. In this study, we applied Monte Carlo simulations to investigate the equi-intensity profiles of the diffuse reflectance in an anisotropic medium composed of a mixture of cylinders and spheres scatters. A parametric equation was used to describe quantitatively the reflectance images. The effects of the background optical properties and the cylinder size were investigated. We found that the Monte Carlo results approached the predictions of ADE theory when the cylinders have a smaller radius.
Methods

A. Simulation Model
The scattering medium model used in this study has been previously described by Kienle [12] to simulate anisotropic fibrous tissues. As shown in Fig. 1(a) , the sample was a semi-infinite medium composed by two different scattering particles: organized infinite long cylinders and randomly distributed background spherical particles. The cylinders were parallel to the sample surface. A single isotropic absorption coefficient μ a was assigned to the sample. An isotropic scattering coefficient μ s;b and anisotropy g b were assigned to the background spherical particles. The conventional Henyey-Greenstein function was used as the scattering phase function for these spherical particles. The scattering coefficient μ s;c of the cylinders at an incident angle ξ can be calculated as
where r is the cylinder radius, c A is the concentration of cylinders (mm −2 ), and Q s ðξÞ is the scattering efficiency and can be calculated using the algorithm described by Yousif and Boutros [17] . The volume density of the cylinders can be calculated as c A × πr 2 . The incident angle ξ is defined as the angle formed by the incident light and the cylinder axis. ξ ¼ 0°indicates light incident along the cylinder; whereas ξ ¼ 90°indicates light incident perpendicularly to the cylinder.
The light scattering direction by a cylinder can be defined by the following two angles: the angle between the scattered light and the cylinder axis, which is the same as the incident angle ξ, and the scattering angle ϕ, defined as the angle between the incident and scattered light within a projection plane perpendicular to the cylinder. Therefore the scattered light is restricted to a cone with the cylinder as the axis and has a half-angle of ξ [18] . Following the conventional definition, the scattering angle θ is defined as the angle between the incident and scattering directions. The corresponding scattering anisotropy g c can be then derived as
The scattering phase function pðϕ; ξÞ can be calculated using Yousif and Boutros's method [17] . When incident along the cylinder (ξ ¼ 0), light is not scattered and thus g c ¼ 1. The reduced scattering coefficient of the cylinders is calculated as μ , which is also a function of the incident angle ξ.
B. Monte Carlo Algorithm
The simulated imaging setup is shown in Fig. 1(b) . A pencil beam (λ ¼ 800 nm) was incident at 90°upon the semi-infinite sample. The backscattered light at the sample surface was directly imaged by a CCD camera. The movement of a photon packet inside the sample was determined based on the local scattering and absorption coefficients [19] . At each scattering event, a sampling method was applied to determine whether the photon was scattered by the cylinders or the background spherical particles: 
otherwise, scattered by spherical particles, where ζ is a uniformly distributed random number between ½0; 1. If the photon was scattered by spherical particles, the standard procedure [19] using the HenyeyGreenstein phase function was applied to determine the scattering direction. If the photon was scattered by cylinders, the new photon direction was determined by sampling the cylindrical scattering phase function pðϕ; ξÞ. To expedite the computation, the cylindrical scattering phase function was precalculated at different incident and scattering angles at a 0:5°p recision and loaded into the Monte Carlo program at the beginning of the simulation. To determine the scattering direction, the incident direction ξ of a photon was used as an index to retrieve the stored cylinder phase function. If the phase function was not precalculated at this particular incident angle, linear interpolation was applied by using the phase functions calculated at the two closest angles to obtain the function at this particular angle. The new photon scattering angle ϕ was then sampled from the phase function pðϕ; ξÞ:
where ζ is a uniformly distributed random number between ½0; 1. The simulation process continued until a photon was completely absorbed in the medium or re-emitted out of the sample. The physical location and weight of the re-emitted photon were then stored in arrays to represent 2D images of the diffuse reflectance.
C. Image Processing
The equi-intensity profiles were obtained by extracting all pixels with the same reflectance. Specifically, a pixel located at a specific distance from the incident point was selected, and its intensity was set as a reference to find all pixels with the same intensity. A AE1% error margin was applied in the search and the coordinates of all identified pixels were stored. Then the Levenberg-Marquardt algorithm was applied to obtain the best numerical fitting using the following parametric equation f ðx; yÞ [20] :
where the r x and r y represent the half axial length along the x and y axes, respectively. In the simulation, the cylinders were always aligned with the y axis. The shape parameter q represents the geometrical shape of the equi-intensity profile with q ¼ 1 indicating a rhombus and q ¼ 2 indicating an ellipse. This parametric function can represent any geometric shape between a perfect rhombus and a perfect ellipse [20] . The ratio of the two axes was calculated as
Results
Figure 2(a) shows an example of the reflectance image in an isotropic medium (without any embedded cylinders). The image was shown using a pseudocolor map with different colors indicating different reflectance. The following optical properties were used for this isotropic medium: μ s;b ¼ 30:0 cm −1 , g b ¼ 0:8, and μ a ¼ 0:01 cm −1 . The simulated reflectance image had a pixel resolution of 100 μm and a size of 5 × 5 cm 2 . In order to have a better view of the reflectance distributions close to the incident point, images with a higher resolution of 10 μm but a smaller size of 1 × 1 cm 2 are also shown. The dotted lines in the images were example fitting results using Eq. (5). The equiintensity distribution of the isotropic medium was a circle. Figure 2(c) shows the axes ratio β and the q parameter obtained by fitting the corresponding spatial resolved reflectance images in Fig. 2(a) . The fitted results were axes ratio β ¼ 1:0 and q ∼ 2:0, indicating a perfect circular profile.
As a comparison, Fig. 2 The cylinders were aligned with the y axis. As shown in Fig. 2(b) , the equi-intensity profile of the reflectance image showed an ellipse perpendicular to the cylinder at a small distance from the incidence, whereas the ellipse became parallel to the cylinders at large distance. These observations were confirmed by the fitting results as shown in Fig. 2(d) . The q parameter at near distance had a value of ∼2:0, indicating an ellipse. It decreased to ∼1:6 at ∼0:04 cm and increased again until stabilizing at ∼2:0. At the same time, the axes ratio β decreased from 0.9 to 0.8, increased thereafter and stabilized at ∼1:12.
Therefore, as the evaluation distance increased, the fitting parameters β and q went through a transition and stabilized as an ellipse along the cylinders at larger distances. To better describe this transition, a "transition distance" can be defined as the distance from the incident point where the fitted axes ratio reached 90% of the final stable value. Figure 3(a) shows the stable fitted axes ratio β obtained in anisotropic media with three different cylinder radii of 0.1, 0.25, and 1:5 μm. The β results were plotted against the ADE predictions, i.e., the square root of μ 0 s ðxÞ=μ 0 s ðyÞ, where μ 0 s ðxÞ and μ 0 s ðyÞ are the reduced scattering coefficients perpendicular and parallel to the cylinder, respectively. The dash line in Fig. 3(a) shows the prediction from ADE theory that the axes ratio β ¼ r y =r x is equal to ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi A linear relationship was observed between ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi μ 0 s ðxÞ=μ 0 s ðyÞ p and the fitted axes ratio β at all cylinder sizes. As shown in Fig. 3(a) , all data points can be linearly fitted with R 2 ≥ 0:99. However, the fitted lines had different slopes: 0.95, 0.82, and 0.29 for cylinders with radius of 0.1, 0.25, and 1:5 μm, respectively. The point ð1; 1Þ represents the results from isotropic samples. All regression lines in Fig. 3(a) passed through the point ð1; 1Þ with a very small standard error of intercept (<0:015%). Interestingly, when the cylinder radius was small ð0:1 μmÞ, the fitted axes ratio β from the Monte Carlo simulations approached the prediction from the ADE theory. To further confirm this, the fitted axes ratio β was calculated at different cylinder radii from 0.05 to 1:5 μm, while ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi μ in all samples ranged from 0.14% to 0.30%. As shown below in Fig. 5(b) , β indeed approached the ADE prediction when the cylinder radius was small. A small variation in cylinder refractive index n c had little effect on the fitted axes ratio β. Using cylinders with a radius of r ¼ 0:1 μm, the calculated β had less than 0.5% variation when the cylinder refractive index was changed from 1.44 to 1.48. In the above calculation, the background optical properties were maintained at μ s;b ¼ 30 cm Figure 4 shows the effects of background optical properties on the geometric profiles of the simulated diffuse reflectance. We also calculated the transition distance as defined above and the total diffuse reflectance. Unless otherwise indicated, the optical properties used in the simulation were the cylinder radius r Figure 4(a) shows the fitted axes ratio β and total diffuse reflectance at different background scattering coefficients from μ s;b ¼ 15 to 60 cm −1 . In order to 
The result indicated that the background scattering coefficient had no significant effect on the fitted axes ratio when ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi μ 0 s ðxÞ=μ 0 s ðyÞ p was the same. As expected, the total diffuse reflectance increased with the background scattering coefficient. However, the transition distance decreased as the background scattering coefficient increased as shown in Fig. 4(b) . The transitional distances calculated along the cylinder were nearly identical to those calculated perpendicular to cylinders. Figure 4 (c) shows the fitted axes ratio β and total diffuse reflectance at different background anisotropy values. When increasing the background g b from 0.0 to 0.9, the ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi μ 0 s ðxÞ=μ 0 s ðyÞ p was maintained as a constant of 1.08 by either (1) maintaining background scattering μ s;b and reducing cylinder volume density ρ from 0.69% to 0.07% or (2) maintaining cylinder volume density ρ and increasing background scattering coefficient μ s;b from 6.0 to 60:0 cm −1 . In either case, the background anisotropy g b had no effect on the fitted axes ratio β. The total diffuse reflectance decreased as the background anisotropy increased when reducing cylinder volume concentration (and thus the cylinder scattering coefficient μ s;c ). But it did not change with g b when increasing μ s;b but maintaining the μ s;b 0 . On the other hand, the transition distance decreased with the background anisotropy when increasing the μ s;b , whereas the transition distance increased with the background anisotropy when reducing μ s;c , as shown in Fig. 4(d) . Figure 4 (e) shows the fitted axes ratio β and total diffuse reflectance at different background absorption coefficients from μ a ¼ 0:01 to 0:1 cm −1 . The cylinder volume density was kept at ρ ¼ 0:14%. The result indicated that the total diffuse reflectance decreased as the absorption coefficient increased. However, the background absorption coefficient had no significant effect on the axes ratio and the transition distance as shown in Fig. 4 (f).
Discussion
As predicted from the ADE and CTRW theories, Monte Carlo simulation showed the equi-intensity reflectance in a fibrous turbid medium had an elliptic shape. The elliptical patterns were inclined to the fiber axis where the total reduced scattering coefficient μ s 0 is the smallest of those at any other directions. The ADE also predicts that the ratio of the two orthogonal axial lengths in the elliptical distribution is inversely proportional to the square root of corresponding reduced scattering coefficients perpendicular and parallel to the fibrous structures [6, 8] The observed size dependency is likely due to the different scattering efficiency and anisotropy profiles at different cylinder sizes. Figure 5 shows the scattering efficiency and anisotropy calculated for cylinders of different radii. Both the scattering efficiency and anisotropy depended on the incident direction of the photon relative to the cylinder axis. The anisotropy of small cylinders acted more like an isotropic than an anisotropic scatterer at large incident angles of ξ > 45°because of the small anisotropy. On the contrary, for cylinders of a large radius, the anisotropy was ∼0:9 at large incident angles, indicating a predominantly forward scattering. Therefore, photons that were incident at large angles had much less chance to be scattered back toward the large cylinders than small cylinders. In addition, when ξ > 30°, the scattering efficiency value for large cylinders was significantly larger than small cylinders. So photons experienced more scattering by large cylinders at large incident angles. Overall, photons propagated farther along the cylinders than across the cylinders, but such inclination was greater for small cylinders. The fitted axes ratio β in anisotropic media of small cylinders was closer to the ADE prediction, which appeared to be an extreme limit for small cylinders.
We found that when ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi μ 0 s ðxÞ=μ 0 s ðyÞ p was maintained at a constant value, the fitted axes ratio β was not affected by varying the background optical properties when evaluated far away from the incident point. In other words, the geometric shape of the diffuse reflectance was only determined by the ratio of the total reduced scattering coefficient along the two primary axes. However, the total diffuse reflectance was affected by all of the background optical properties. In agreement with diffuse theory, the total diffuse reflectance generally decreased as the absorption coefficient increased, and increased as reduced scattering coefficient increased.
The transition distance was also affected by the scattering coefficient. It is known that single scattering is important at locations closer to the incident point, while multiple scattering becomes dominant at larger distances. At a certain distance from the incident, a photon undergoes a higher number of scattering events in samples with higher scattering coefficients. In other words, a higher background scattering coefficient reduces the transport distance required for the transition from single scattering to multiple scattering, which results in a smaller transition distance as shown in Fig. 4(b) . The effects of background anisotropy in Fig. 4(d) can also be explained in the same way due to the changes in either the background scattering coefficient or the cylinder scattering coefficient. Because the overall absorption coefficients were much smaller than the scattering coefficients, changes in absorption coefficient had little effect on the transition distance.
Conclusion
In summary, Monte Carlo simulation was employed to simulate the propagation of light in a fibrous anisotropic scattering medium. The spatial profiles of the diffuse reflectance were quantitatively analyzed using a numerical fitting algorithm. The results indicated that the equi-intensity profiles of the surface reflectance always had elliptic distributions when evaluated at larger distances from the incidence. The shape of the elliptical distribution was not affected by the background optical properties when the ratio of the total reduced scattering coefficients parallel and perpendicular to the cylinder was maintained constant. The prediction of the anisotropic diffuse equation theory was in agreement with the Monte Carlo simulation only for small cylinders. As fiber diameters in biological tissue may vary from tens of nanometers to hundreds of microns, caution should be taken when applying diffuse theory to study light propagation in fibrous tissues.
